Abstract-This paper reports on the design of a magnetic multilayer film with high permeability and low loss in the 1 MHz to 1 GHz range. The thickness of each layer and the magnetic anisotropy were optimized with respect to the eddy current loss and ferromagnetic resonance in the magnetic layers, and with respect to the dielectric breakdown in the nonmagnetic insulating layers. A limit relation for the product of permeability g',(0) and the cutoff frequency f, was analyzed. The limit 'r(O)xfc is expected to have a much higher value than Snoek's limit. A value for I1'r of 300 was achieved in the range from 1 MHz to 1 GHz in an optimized CoZrNb/ SiO2 multilayer film. 
I. Introduction
The requirements for smaller and lighter electronic equipment and for high-frequency components in mobile communications of recent years led to especially strong demand for smaller high-frequency transformers and inductors. These account for large proportions of the weight and volume of the equipment. The applicable operating frequency ranges extend from tens of MHz into the GHz range, from one to two orders of magnitude higher than the operating frequencies of previous components based on magnetic cores. In order to obtain high-performance micromagnetic devices, new soft magnetic materials which exhibit a high relative permeability and low loss at these frequencies are needed.
Magnetic/nonmagnetic insulator multilayer films with thin magnetic layers can avoid eddy current losses, and are promising magnetic materials for use at high frequencies [1] [2] [3] . Multilayer films have many parameters, including the thicknesses of the different layers and the anisotropy field, and an optimum combination of parame- ters has not yet been found. Based on our prior work [1] [2] [3] [4] relating to magnetic/nonmagnetic insulator multilayer films, we undertook material design including optimization of the layer thickness and anisotropy field, and studied the limit law relating the relative permeability to the cutoff frequency. Below we report our results.
II. Experimental Procedure 125 calculations to derive a limit law relating the relative permeability to the cutoff frequency.
The relative permeability pu',(O) of the overall multilayer film is determined by the relative permeability of the magnetic layers alone, A (O) = 47rMr/Hk (1) Ion beam sputtering was used in sample fabrication. The target for the magnetic layers was Co,7Zr5Nb8 (at%) alloy, and that for the nonmagnetic insulating layers was SiO2; the substrate used was Coming glass no. 0211. The saturation magnetization 41TMS of the CoZrNb alloy was 10 kG, the resistivity Pm was 120 X2-cm, and the magnetostriction constant was +0.5xlO-'. The magnitude of the uniaxial anisotropy field Hk was controlled by fabricating the sample in a magnetic field, and then applying a dc magnetic field in the direction of the sample's hard axis of magnetization, and varying the annealing time and temperature. The relative permeability at high frequencies (g(f): P'r(5)Yjg"r(#)) was measured using the magnetic material (M)/conductor (C)/magnetic material (M) inductance line [4] . Comparison with magnetostatic properties confirmed that this method is quantitative, and that the fine structure of the magnetic films had no effect on the measurement results [5, 6] .
III. Experimental Results and Discussion
A. Material design
The high-frequency characteristics of magnetic/nonmagnetic insulator multilayer films are determined by (i) eddy current losses, (ii) losses due to electrical insulator breakdown or capacitively-coupled interlayer eddy current in the nonmagnetic insulating layers, and (iii) ferromagnetic resonance [1] [2] [3] [4] . In this section we study the optimization of each of the layer thicknesses, taking these losses into consideration, in designing a magnetic/nonmagnetic insulator multilayer film. At the same time, we use our and by the ratio of the magnetic layer thickness tm to the nonmagnetic insulator layer thickness tn:
We first study the optimization of tm. When the magnetic layer is alloy type, the frequencies at which eddy currents pose problems are generally lower than the ferromagnetic resonance frequency
Here y is the gyromagnetic constant. Eddy current losses can be avoided by setting tm at a value sufficiently thinner than the skin depth, nonmagnetic insulating layers and losses due to capacitively-coupled interlayer eddy current occur, and suppression of eddy current losses through separation of the magnetic material into layers becomes incomplete. The optimum value for tn is as small as possible without the occurrence of dielectric breakdown and capacitivelycoupled interlayer eddy current losses. When using SiO2 as the nonmagnetic insulator, tn must be made several tens of nm in order to avoid these effects [4] . We now substitute the characteristic values of actual materials into the above equations and compute the relation between gW,(0) and f, for magnetic/nonmagnetic insulating multilayer films. In order to raise both g'r(0) and fc, eqs. (1) and (3) [8] . Compared with these values also, the limit line for the CoZrNb based multilayer film is located upward and to the right in the figure. Thus we have shown that by optimizing magnetic/nonmagnetic insulator multilayer film based on CoZrNb alloy, it should be possible to achieve high-performance highfrequency magnetic properties greatly surpassing those of existing materials.
B. Experimental results
In this section we follow the guidelines for material design outlined in the preceding section to optimize the tm and Hk of actual CoZrNb based multilayer film, and compare the measured value of w(i) with the design value. In these experiments, SiO2 was used as the nonmagnetic insulator, with the layer thickness set at 100 nm, to avoid dielectric breakdown and capacitivelycoupled interlayer eddy current losses [4] . Fig. 2 shows the frequency behaviour of .tr when tm=50 nm and Hk is varied. Here g, was estimated using the total thickness of the multilayer film. As Hk increased, the frequency at which gr dropped as well as the frequency at which j.t"r peaked were both shifted toward higher frequencies. This behavior conforms to eq. (3), and is due to ferromagnetic resonance. We (6), (7) and (8 
0 = 27rtmrL t(0)Of/Pm]"2 (8) Here 6 is 0.6 to 0.7 ,um, but in Fig. 4 1) Guidelines for use in the design of magnetic/nonmagnetic insulating multilayer films with excellent high-frequency characteristics were developed, taking into account eddy current losses, dielectric breakdown of the insulating layers, losses due to capacitively-coupled interlayer eddy current, and ferromagnetic resonance, which together determine the high-frequency magnetic properties. Based on these guidelines, a limit law was derived relating the relative permeability and the cutoff frequency of magnetic/ nonmagnetic insulator multilayer films. The material constants of CoZrNb alloys were substituted into the limit law, and calculations were performed which predicted that it should be possible to obtain from CoZrNb/SiO2 multilayer film high-frequency magnetic characteristics far exceeding the limit law of NiZn ferrite.
2) Based on the above material design guidelines, each of the layer thicknesses and the anisotropy field of actual CoZrNb/SiO2 multilayer film were optimized, and the relative permeability was a constant 300 up to 1 GHz. In addition, it was confirmed that these results follow the calculated limit law.
